The E CO 2 elimination reactions of alkyl hydroperoxides proceed via abstraction of an α-hydrogen by a base: X − + R 1 R 2 HCOOH → HX + R 1 R 2 CO + HO − . Efficiencies and product distributions for the reactions of the hydroxide anion with methyl, ethyl, and tert-butyl hydroperoxides are studied in the gas phase. On the basis of experiments using three isotopic analogues, HO − + CH 3 OOH, HO − + CD 3 OOH, and H 18 O − + CH 3 OOH, the overall intrinsic reaction efficiency is determined to be 80% or greater. The E CO 2 decomposition is facile for these methylperoxide reactions, and predominates over competing proton transfer at the hydroperoxide moiety. The CH 3 CH 2 OOH reaction displays a similar E CO 2 reactivity, whereas proton transfer and the formation of HOO − are the exclusive pathways observed for (CH 3 ) 3 COOH, which has no α-hydrogen. All results are consistent with the E CO 2 mechanism, transition state structure, and reaction energy diagrams calculated using the hybrid density functional B3LYP approach. Isotope labeling for HO − + CH 3 OOH also reveals some interaction between H 2 O and HO − within the E CO 2 product complex [H 2 O···CH 2 O···HO − ]. There is little evidence, however, for the formation of the most exothermic products H 2 O + CH 2 (OH)O − , which would arise from nucleophilic condensation of CH 2 O and HO − . The results suggest that the product dynamics are not totally statistical but are rather direct after the E CO 2 transition state. The larger HO − + CH 3 CH 2 OOH system displays more statistical behavior during complex dissociation.
Introduction
Base-induced E CO but it could have important implications. 5 For example, polyunsaturated fatty acid residues of phospholipids are extremely sensitive to oxidation during biochemical oxidative stress. [6] [7] [8] If lipid
peroxides undergo E CO 2 reactions, they will be converted to highly genotoxic, unsaturated aldehydes and ketones 9, 10 that are causative sources for cancer, aging, and pathology. 6, 8, 11 Despite the potential biochemical interest, the anionic E CO 2 mechanism of peroxide decomposition has been controversial in solution and in vivo because trace amounts of transition metal ions can afford an analogous product distribution via Fenton chemistry. 2, 12 Recently, a model reaction of F -+ CH 3 OOH → HF + CH 2 =O + HO -has been studied in the gas phase 5 in which interferences due to adventitious metal ions or solvent molecules have been rigorously eliminated. The gas phase results are totally consistent with the proposed E CO 2 mechanism, and intriguing features are observed for the E CO 2 reactivity: The measured rate constant is about 50 % of the ion-molecule collision rate. 5 The calculated potential energy diagram indicates i) a transition state significantly below the reactant energy, ii) an extremely shallow potential well for the pre-reaction complex, and iii) a large amount of energy release after the E CO 2 transition state. 5 The rapidity of the reaction may well be rationalized in terms of the transition state energy that supports favorable kinetics. Furthermore, following the E CO without undergoing condensation with formaldehyde to form the most stable product pair HF + CH 2 (OH)O -. 5 The deep potential well minimum in the product potential energy surface seems to be avoided in analogy to the S N 2 reaction of HO -+ CH 3 F. 13 Most recently, Hase and coworkers conducted a direct dynamics trajectory study of this reaction that supported the experimental observations. 14 14 Intrinsic efficiencies of base-induced decomposition and the product dynamics, however, are yet to be fully characterized experimentally. For instance, it is unknown why the F -+ CH 3 OOH rate constant is considerably below the collision limit, even though it is fairly rapid; 5 the energetics around the key transition state would suggest a significantly higher reaction efficiency. It was conjectured that the apparently smaller-than-unity efficiency of the F -+ CH 3 OOH reaction may be due to HO -abstracting a proton from HF within the dissociation complex, thereby regenerating the F -reactant: in effect a novel anion-catalyzed decomposition reaction. 5 It then follows that another type of product dynamics involving an interaction between HO -and HF may need to be considered. We have extended the study of base-induced decomposition of alkyl hydroperoxides to the reactions of superoxide 15 and reported direct observation of the Haber-Weiss reaction in the gas phase; the reaction has been controversial in solution over many decades. The superoxide reactions are also efficient, and produce another major product of ozonide presumably via a mechanism associated with the open-shell character of the reagent base anion. 15 In the present paper we study the ion-molecule reaction of the hydroxide anion with methyl hydroperoxide to further characterize the base-induced chemical transformation that can now be observed in the isolation of the gas phase. The HO -anion is more basic than F -so that the reaction is expected to involve an exothermic proton transfer (PT) channel as well (Scheme The E CO 2 pathway yields the same ionic product as the reactant anion. Isotope analogs are used to differentiate the reaction products and mechanism and to extract the intrinsic efficiency of the E CO 2 reaction (eqs 1 − 3). The site-specific isotope labeling also allows for quantitative elucidation of dynamical processes occurring within the product complex. The E CO 2 reaction is studied for a larger system of ethyl hydroperoxide (eq 4) and the effects of size and complexity on the dynamics are examined. The reaction of HO -with tert-C 4 H 9 OOH (eq 5), which bears no α-hydrogen, is also studied for comparison and completeness. Figure 4 ) the connectivity was assigned by comparison of transition states with their methyl analogues and by inspection of the animated imaginary frequencies using the Gaussview or MOLDEN 29 packages. In some instances, single point energy calculations were conducted on each of the stationary point geometries using the CCSD(T) method 30 and the correlation consistent basis set aug-cc-pVDZ. 31 The electronic energies, zero-point energies, and geometries of important stationary points are provided as supporting information.
Collision rate constants were evaluated via the parametrized trajectory collision rate theory 32 using the polarizabilities 33 (6) A small amount of methoxide anion (≈ 8%) is the other observed product. It was seen that all alkyl hydroperoxides in the present study formed minor amounts of corresponding alkoxide anions (6 -8%). The formation mechanism is unknown (see below), and the alkoxide channels will not be explicitly shown in the equations and schemes.
A strong deviation from linearity is observed in the later stage of the semi-logarithmic kinetics plot ( Figure 1 ). Two features are clearly seen. First, the initial decay of HO -is unusually slow for this highly exothermic proton transfer system. The rate constant is determined from the initial slope to be k = 7.6 ± 0.2 x 10 -10 cm 3 s -1 , accounting for only 29% of the calculated collision rate (2.64 x 10 -9 cm 3 s -1 ). This strongly suggests the occurrence of a competing E CO 2 pathway (eq 7), which invisibly reproduces HO -.
Secondly, the decay of HO -eventually stops as the CH 3 OO -signal reaches a plateau at about a 50% height (Figure 1 ), establishing a stationary state between the two anions. This is caused by the facile secondary reaction of CH 3 OO -that regenerates the HO -reactant via an E CO 2 mechanism (eqs 8 and 9). 
HO -+ CD 3 OOH reaction
The kinetics plot for the decay of HO -with CD 3 OOH is also displayed in Figure 1 .
While similar deviation from linearity is observed, the decay of HO -is faster with CD 3 OOH than with CH 3 OOH. The rate constant is determined from the initial slope to be k = 10.2 ± 0.2 x 10 -10 cm 3 s -1 (efficiency 39% with respect to the collision rate). In addition to the proton-transfer product CD 3 OO -(≈ 80%), DO -is observed among the products. DO -is formed presumably via intracomplex H/D exchange following the initial E CO 2 transformation (eqs 11 and 12).
In the later stage of the kinetics, the HO -signal reaches a lower plateau than that observed in the HO -+ CH 3 OOH reaction (Figure 1 ), while the proton-transfer product CD 3 OO -has a plateau at about the same height of 50%. Formation of the additional DO -product mostly accounts for the faster decay of the parent ion. The results suggest that the faster reaction of HO -+ CD 3 OOH is facilitated primarily by the formation of the additional visible product through post-transition state H/D exchange, and not by a difference in the rate kinetics at the E CO 2 barrier (or by a possible difference in the reagent purities between CH 3 OOH and CD 3 OOH). Primary deuterium kinetic isotope effects would instead favor E CO 2 elimination of CH 3 OOH over that of CD 3 OOH.
As will be discussed later, the intrinsic kinetic isotope effects are likely very small for these systems.
The HO -+ CD 3 OOH reaction also produced a trace amount (< 1%) of species at m/z 46, which is assigned to deuterated formate DCO 2 -. 35 The formate anion is an intrinsic product from the reaction and not due to deprotonation of formic acid DCOOH, a possible contaminant. At the B3LYP level of theory, the HO -+ C 2 H 5 OOH reaction ( Figure 4) reactions, it provides an additional mechanism to account for the apparent slowness of the overall reactions below the collision rates.
Intrinsic E CO 2 efficiencies
The isotope labeling revealed the overall efficiency for the HO -+ CH 3 OOH reaction to be 80% or greater (recall that the efficiency is the lower limit if non-reactive impurities are present in the neutral reagent; see Experimental.) The E CO 2 decomposition is the major process (efficiency ≈ 50% of collision) whereas proton transfer is less effective (≈ 30% of collision). For comparison, in the F -+ CH 3 OOH reaction, 5 the E CO 2 reactivity represents most of the overall efficiency (49%) while proton transfer is slightly endothermic and only an upper bound is given for the efficiency (< 5%). The HO -+ CH 3 OOH reaction is a rare example in which a competing chemical pathway predominates over an exothermic, barrierless proton transfer that would otherwise proceed at unit efficiency. 43 Associative detachment may similarly compete with proton transfer in the reaction of o-benzyne with HO -. 44, 45 From the other perspective, the E CO 2 reactivity could even approach unit efficiency if proton transfer were not competing. The high efficiency may be understood in terms of the energetics around the TS1 transition state, which is 14.7 kcal mol -1 lower in energy than the reactants at the CCSD(T) level of theory and follows an extremely shallow pre-reaction complex well (−14.8 kcal mol -1 
typical of concerted E2 reactions. In addition, the overall reaction efficiencies including proton transfer are sufficiently large that they approach saturation. These factors should combine to make the overall KIE very close to unity for ensembles immediately after the TS1 transition states. While moderately rapid E2 reactions of diethyl ether display KIE values of 2 -7 in the gas phase at ambient temperature, 20, 22, 50 the KIE values are essentially unity for rapid E2
reactions of tert-butyl halides. 51 The argument justifies the assignment that the observed faster reaction of HO -+ CD 3 OOH (and hence the apparently inverse KIE) reflects, in reality, the posttransition state H/D exchange.
E CO 2 product dynamics
The DO -product observed from the HO -+ CD 3 OOH reaction strongly suggests H/D scrambling that involves HOD and HO -in the complex prior to dissociation (eqs 11 and 12).
The kinetic analysis shows the ratio of HO -to DO -from this complex to be roughly degrees of freedom for the complex, the effective potential energy increases at TS1 and reduction of the E CO 2 reaction efficiency may result. This mechanism has been discussed to explain the less-than-unity efficiency in the S N 2 reaction of F -+ CH 3 Cl, 53, 54 for which the transition state energy is about 12 kcal mol -1 below the reactants.
Intriguingly, there is little indication that the leaving hydroxide anion and formaldehyde interact within the product complex. Consider the labeled reaction.
The deprotonated diol anion CD 2 (OH)O -can form from nucleophilic condensation of hydroxide and formaldehyde (eq 24), and its formation is very exothermic (Figure 3 55 This suggests that formation and back-dissociation of the diol anion is a minor process when the HCO 2 -yield is also small. There are caveats to this proposition, however. In the low-energy collision-induced dissociation of CH 3 OO -, the hydroxide anion was the major product whereas formation of the formate was extremely minor. 42 In view of the varying results on diol decomposition, which are both interesting and puzzling, it is unlikely that the methyl hydroperoxide results can be discussed based solely on the energetics when the product dynamics display non-statistical behavior. Theoretical studies will greatly aid in revealing these processes. For the E CO 46 Effects of size and complexity on the dynamics are being systematically studied for a variety of peroxides and base anions.
Conclusions
Reactions of HO -with several alkyl hydroperoxides were studied in the gas phase to shed light on the E CO 2 reactivity and dynamics of potential biochemical importance. The intrinsic efficiency for the reaction of methyl hydroperoxide with HO -is determined to be > 80% (overall) and > 50% (E CO 2 channel), with the E CO 2 reaction predominating over the exothermic proton transfer channel. The E CO 2 reactivity could approach unit efficiency if the competing proton transfer channel were not available. a Calculated at B3LYP/6-31+G(d). The numbering of the nuclei is shown in Figure 3 . In all structures, the attacking anion is attached to an α-hydrogen (H7).
b F8-H7 lengths for CH 3 OOH + F -.
c Experimental.
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